Studies were made on eight patients submitted to extracorporeal circulation to correct valvular defects. Whilst breathing 100% oxygen, the alveolar/arterial oxygen tension difference and the VD/VT relationship were determined before the operations and during the first three days of the post-operative period. On 26 occasions, the arterio/venous oxygen content difference was measured and used to calculate the total intrapulmonary shunt. In all patients, the alveolar/arterial oxygen tension difference was increased above normal before operation. The postoperative values were always higher than the preoperative ones. A significant mean increase was found on the second day. A slight but insignificant increase in the VD/VT relationship was found at each stage. In general, the values of the arterio/venous oxygen content difference were higher than the theoretical value of 5 vol.%. It is necessary to measure this difference in order to evaluate the true magnitude of the total intrapulmonary shunt despite the absence of clinical signs of low cardiac output.
One of the causes of postoperative hypoxaemia is the increase in the physiological or total intrapulmonary shunt. Two fundamental factors appear to contribute to this (Bergman, 1967; Diament and Palmer, 1967; Fordham, 1965; Geha et aL, 1966) :
(1) The formation of pulmonary micro-atelectasis during anaesthesia, related to characteristics of controlled ventilation such as the tidal volume (HedleyWhyte et ai, 1964) , end-tidal pressure etc. (2) The decrease in cardiac output following the operation itself (Prys-Roberts et aL, 1968; Philbin et al., 1970) .
The increase in total intrapulmonary shunt is not peculiar to heart surgery with extracorporeal circulation because it appears in all types of operations. In open-heart surgery, however, it takes on special importance (Eltringham et al., 1968; Hedley-Whyte et al., 1965; McClenahan et al., 1965) for the following reasons. Firstly, patients who require correction of cardiac defects, either acquired or congenital, always show some change in the ventilation/perfusion relationship as a consequence of the cardiac disease (Laver et al., 1970) , which is reflected in the arterial blood oxygenation. Secondly, in the immediate postoperative period these patients readily develop low cardiac output states with subsequent decrease of arterial blood oxygen tension, especially when the cardiac output is less than 2.5 l./min.
The purpose of this study was to evaluate the total intrapulmonary shunt before and after surgery in cardiac patients submitted to extracorporeal circulation. The study was confined to the first three days following operation, without any attempt being made to analyze the consequences which these immediate changes could have, although it is known that they usually resolve themselves favourably if the patient survives the immediate postoperative period (McClenahan et aL, 1965) . Changes in the ventilation/perfusion relationship were evaluated indirectly by determination of the alveolar/arterial oxygen tension difference. The total shunt was calculated taking the arterio/venous oxygen content difference as a fixed value (total theoretical shunt). At times this difference was calculated by the Van-Slyke and Neill technique; the shunt calculated in this way was named "total real shunt". Simultaneous determinations of the physiological dead space to tidal volume ratio were performed.
MATERIAL
Eight cardiac patients submitted to surgical correction of valve disease under cardiopulmonary bypass were studied. The general information about these patients, including the diagnosis and operation performed, is shown in table I. In none of them was an intracardiac shunt observed during the procedure. In their previous history most of the patients had suffered episodes of cardiac insufficiency but during the study none showed clinical symptoms of cardiac insufficiency or low cardiac output. None had a history of chronic bronchitis; the vital capacity was more than 35 ml/kg bw, except in case 4 (27.8 ml/kg bw).
A median sternal incision was made routinely. Anaesthesia was induced with sodium thiopentone and suxamethonium, and maintained with nitrous oxide, fentanyl and droperidol. Muscle relaxation was obtained using tubocurarine or alcuronium. Pulmonary ventilation was controlled by means of the Bird Mark 8 + Mark 4 ventilator, adjusted to maintain arterial Pax, values at about 30 mm Hg. During perfusion, the lungs were kept partially inflated with air to prevent shift of the mediastinum. The mean perfusion time was 58 min. Hypothermia and coronary perfusion were not used. Oxygen was administered after perfusion to obtain arterial oxygen tensions higher than 100 mm Hg.
During the postoperative period artificial ventilation was maintained for a minimum of 18 hours, by means of a Bennett, type PR2 ventilator with a cascade humidifier added; the temperature of the inspired gas was kept between 32 and 35 °C. Tidal volumes between 10-15 ml/kg bw (Hedley-Whyte et al., 1964; Pontoppidan and Bushnell, 1967) , and respiratory rates between 14 and 22 b.psa. were used. Extubation was performed when the patient, breathing spontaneously and receiving 5-6 l./min of oxygen, maintained a Pao 3 higher than 70 mm Hg. The intubation time varied between 25 and 32 hours, with the exception of case 4, in which a tracheostomy was performed and controlled ventilation maintained for a prolonged period.
Postoperative complications were found only in cases 4 and 8. On the second day after the operation, case 4 presented complete atelectasis of the upper right lobe. Case 8 reached the unit with a haemothorax; after having done the study controls about 1,500 ml of blood was removed from the pleural cavity. All patients studied survived the immediate postoperative period.
METHOD
Twenty-four to forty-eight hours before operation, the preoperative control measurements (P) of the alveolar/arterial PcLj difference and VD/VT ratio were made with the patient in the supine position. 100% oxygen was breathed spontaneously for at least 20 min by means of a perfectly-adjusted facepiece connected through a Wright respirometer to a meteorological balloon for collection of the expired gas. After 20 min of oxygen breathing, an arterial blood sample was taken by direct brachial arterial puncture and, at the same time, expired gas was collected during a 3 min period.
On the day of the operation, between 15 and 30 min after the patient reached the intensive care unit, ventilation with 100% oxygen was begun. After at least 20 min a sample of arterial blood was withdrawn from a radial artery or left atrial catheter, and expired gas collected into a meteorological balloon which was attached through a Wright Respirometer to the expiratory part of the Bennett ventilator.
On the first postoperative day, studies were also made during automatic ventilation. On the second and third days, they were made in the same manner as the preoperative ones, the arterial blood samples being drawn from the radial or femoral artery. At the time of arterial sampling central venous blood was drawn on 26 occasions by means of a catheter placed in the right atrium, to determine the arterio/venous oxygen content difference.
The samples of blood were withdrawn under anaerobic conditions using glass syringes, paraffined and previously heparinized. Blood gas analysis was performed as soon as possible, and in all samples within 30 min. They were read in a Combi-Analysator (Betriebs-Anleitung. L. Eschweiler & Co., Kiel), the Pet, electrode being of the Clarke type according to Lubbers and co-workers. The theoretical error of the unit for these readings is ±0.5% (manufacturer's figures). The Pea, electrode was of stabilized glass according to Gleichman and coworkers, with a theoretical error of ± 1 % (manufacturer's figures). All blood gases were read at 38° C; no correction was made for the patient's temperature.
The partial pressure of carbon dioxide in expired air was also determined in the Combi-Analysator. Diffusion through the walls of the balloon was considered to be unimportant because all determinations were made within 30 min of sample collection.
The arterio-venous oxygen content difference was determined according to the technique of VanSlyke and Neill (1924) .
CALCULATIONS
The alveolar/arterial oxygen gradient (A-a) Pd diff. was calculated according to the formula :
(A-a) Pos diff.=PA O3 -Pa 02 The alveolar oxygen tension (PA 02 ) was assumed equal to:
In all calculations a water vapour pressure of 47 mm Hg was assumed.
The percentage of the total lung shunt (Qs/Qt) was calculated according to the following equation :
The ratio of dead space to tidal volume was calculated using the equation :
The pre-operative and postoperative values for PA 0 O, Pacu, pH, standard bicarbonate (SB), alveolar/ arterial O 2 gradient ((A-a)Po = diff.), VD/VT, and theoretical total shunt (calculated assuming the arterio-venous difference in oxygen content to be 5 vol % of oxygen), are shown in Table n*.
Alveolar/arterial oxygen tension difference.
This was increased in all patients before operation. The mean difference was 215 mm Hg (range 160-269). 35 to 50 min after returning from the operating theatre, an increase in the difference was already apparent, the mean value being 272 mm Hg (range 163-375). On the following days, the mean values continued to increase: first day 323 mm Hg (range 183-500), second day 364 mm Hg (range 208-471); the difference between the preoperative values and the values for the first and second day is statistically highly significant (P<0.091). However, on the third postoperative day there was an improvement and the mean value fell to 303 mm Hg (range 221-336; n=5).
The changes of the mean values are shown in * Copies of complete data can be obtained from Dr G. Barat. figure 1. Figure 2 shows the corresponding changes in the mean Pad values.
VD/VT
The pre-operative values show a slight increase above normal (mean 0.47). In the days following the operation the mean values changed little, remaining near the pre-operative values (table II, fig. 3 ). There were no statistically significant variations.
Theoretical and real intrapulmonary shunt.
The values given for the intrapulmonary or total shunt in table II and figure 4 were calculated assuming an arterio/venous oxygen content difference of 5 vol %. This total shunt has been termed theoretical shunt. The pre-operative values were raised above the normal range, the mean value being 11.6% of the cardiac output. The mean ence between the mean increases observed on successive days was not significant. Realizing that the value of the arterio/venous oxygen content difference of the patients undergoing open heart surgery differs generally from the theoretical value, this difference was determined on 26 occasions, depending on the availability of laboratory facilities. Simultaneous determinations of the cardiac output and the oxygen consumption were not made. Using the measured values, the total shunt significant (P<0.0001). Figure 5 shows the pairs of shunt values and the adjustment line, as well as the bisector which would represent equal increases in both shunts. A Snedecor F contrast applied to the two lines showed that the shunts are significantly different (F=140). The study of the real shunt, using data from patients 1, 4, 5, 6, 7 and 8, immediately after operation, and on the second postoperative day, shows that there was no significant change in the postoperative period, in contrast to the alveolar/arterial oxygen content difference and the theoretical shunt, both of which were significantly increased on the second day. The mean values for the real shunt were 11.3% immediately after operation, 11.7% on the first day and 14.8% of the cardiac output on the second day; these values do not differ significantly from each other (f=0.14, 0.95, and 1.15 respectively).
Pocow pH and standard bicarbonate. Figure 6 and table II show the changes in mean values. The pH remained in the alkalosis range during the pre-and postoperative periods. This may be explained by hyperventilation during the administration of 100% oxygen, the minute volumes being in all patients greater than 6 L/min, and may be related to emotional disturbance during the test. In the immediate postoperative period there was a mixed alkalosis during the period of controlled ventilation, which changed to metabolic alkalosis alone from the second day of the postoperative period (spontaneous breathing).
DISCUSSION
As expected, the alveolar/arterial oxygen tension difference and the theoretical shunt were abnormally high in the preoperative stage as a consequence of pulmonary changes secondary to cardiac dysfunction (Laver, Hallowell and Goldblatt, 1970) . The VD/VT ratio was found to be slightly elevated During the postoperative period, the VD/VT ratio also remained slightly but insignificantly elevated. Although it is known that decreases in cardiac out-BRITISH JOURNAL OF ANAESTHESIA put can reduce this value (Saunders, 1965) , we found no significant relationship with variations in arterio/venous oxygen content difference.
Analysis of the postoperative changes in alveolar/ arterial oxygen tension difference showed a significant increase with respect to the preoperative values, which is in agreement with the findings of several authors (Eltringham et al., 1968; Fordham, 1965; Geha et al., 1966; McClenahan et aL, 1965 ). This increase is not confined to operations with extracorporeal circulation, as its existence has been demonstrated in relation to major operations on the upper abdomen (Diament and Palmer, 1967) and in heart surgery widiout extracorporeal circulation . It may be attributed to the existence of diffuse atelectatic areas in the lung parenchyma which cannot usually be detected radiologically. Several factors could contribute to the development of postoperative atelectasis in patients submitted to extracorporeal circulation such as lung changes following bypass (McClenahan et al., 1965; Nahas et al., 1965) ; low tidal volumes (Hedley-Whyte et al., 1964) ; absence of endexpiratory pressures during controlled ventilation (Ashbaugh, 1970) ; lack of sighs and shallow breathing associated with pain and sedation, and reduction of lung compliance following thoracotomy.
The maximum increase in the alveolar/arterial oxygen tension difference was observed on the second day following the operation, and this agrees with the results of other authors (McClenahan et al., 1965) . On the third day a tendency towards normalization was observed, although this condition is not reached until after the eighth day (Eltringham et al., 1968; McClenahan et al., 1965) . For this reason, oxygen therapy for several days following the operation has been recommended, even in patients progressing satisfactorily, and during more prolonged periods if any postoperative lung complication has arisen.
The importance that changes in the distribution of the inspired gas could have on the alveolar/ arterial oxygen tension difference could not be evaluated because high concentrations of oxygen were employed. It is known, however, that in patients breathing air this can be an additional factor is the development of arterial hypoxaemia, especially in the first 24 hours following operation and in patients with mitral disease.
The fourth patient developed massive atelectasis of the right upper lobe, which was first apparent on the second day after the operation. The alveolar/ arterial oxygen tension difference had, however, already risen considerably on the preceding day (from 282 to 500 mm Hg). In contrast, case 8 reached the unit having a haemothorax containing about 1,500 ml blood. No significant changes were found in the study made before its evacuation, in spite of the radiological evidence of pulmonary compression. The alveolar/arterial oxygen tension difference in the patient was 163 mm Hg which was the lowest of any patient at this time and considerably less than the average (272 mm Hg). These two cases show that the alveolar/arterial oxygen tension difference is a valuable guide in the assessment of pulmonary function, and that there is often no correlation between the radiological findings and the magnitude of the alveolar/arterial oxygen tension difference and the intrapulmonary shunt.
Analysis of the values for the theoretical and real total shunt emphasizes the importance of measuring the true arterio/vcnous oxygen content difference, as a reflection of the cardiac output, in these patients in order to solve the shunt equation. In our patients the shunt values obtained using the theoretical arterio/venous oxygen content difference were significantly higher than those calculated using the real difference. The mean value of the real difference, obtained at different times during the postoperative period, was 7.59 vol %, this value differing from those of some authors (Boyd et al., 1959) . In this study the samples of venous blood were not of true mixed venous blood, as they were not taken from the pulmonary artery. We feel, however, that the arterio/venous oxygen content difference measured on this central venous blood is more representative of the haemodynamic situation of the patient than a theoretical value of 5 vol %. We cannot know how much the values of this arterio/venous difference were influenced by ventilation with 100% oxygen, which is known to be associated with decrease in cardiac output (Daly and Bondurant, 1962) , and by the hypocapnia present on the first postoperative day, another factor which may diminish the cardiac output (Colgan and Mahoney, 1969 ) and on some occasions contribute to the hypoxaemia when the intrapulmonary shunt is greater than 5% of the cardiac output (Kelman et al., 1967) .
The importance of knowing the arterio/venous oxygen content difference in order to assess the intrapulmonary shunt has been pointed out by several authors. Among them Colgan and Mahoney (1969) showed that changes in cardiac output in patients undergoing abdominal surgery can lead to inaccu-823 racy in the calculation and interpretation of intrapulmonary shunting of blood. We found no correlation between the values of the real shunt and the alveolar/arterial oxygen tension difference. According to Bergman (1967) the magnitude of the alveolar/arterial oxygen content difference varies not only with the ratio of blood shunted to blood not shunted but also directly with the oxygen consumption and inversely with the cardiac output. The lack of correlation between the values of the real shunt and the alveolar/arterial oxygen content difference may be accounted for by variations both of the cardiac output and the oxygen consumption-We cannot assess the effect of oxygen consumption on the venous oxygen content and on the alveolar/arterial oxygen tension difference. Although it is known that shivering, pyrexia, restlessness, and struggling may cause large increases in oxygen consumption during the postoperative period (Bay, Nunn and PrysRoberts, 1968) , we think that these factors did not contribute significantly to the rise in the alveolar/ arterial oxygen content difference, taking account of the conditions in which the determinations were made.
The contribution of the cardiac output, diminished in most of the cases as the large values of arterio/ venous oxygen content difference show, is more evident. A decrease in output will necessarily decrease in arterial oxygenation, if the true shunt and the oxygen consumption remain constant (Philbin et al., 1970) . Kelman and associates (1967) have shown that appreciable reductions in arterial oxygen tension during and after anaesthesia may be caused largely by reductions in cardiac output and that the percentage of pulmonary venous admixture during anaesthesia may not be greatly increased when allowance is made for possible changes in cardiac output. Considering that the values of the real shunt do not differ from each other on the first days of the postoperative period, the rise observed in the alveolar/ arterial oxygen tension difference, especially on the second day, is probably related to a diminished cardiac output. We think that in patients submitted to open heart surgery, the variations in the alveolar/ arterial oxygen tension difference seen postoperatively may not be related to similar variations in the intrapulmonary shunt.
The clinical relevance of these results lies in the importance that changes in the cardiac output may have in the oxygenation of a patient with already raised intrapulmonary shunt. The haemodynamic situation is, therefore, a factor which should be evaluated, together with the lung condition, in the management of postoperative hypoxaemia. The results indicate the extent to which the administration of oxygen is advisable in these patients during the immediate postoperative period, and emphasizes the necessity of considering the factors which favour the development of lung atelectasis and of taking appropriate steps to prevent it. Among these are the use of high tidal volumes and positive end-expiratory pressure during controlled ventilation, in addition to effective, careful, and systematic respiratory physiotherapy. Sometimes a high alveolar/arterial oxygen tension difference will return to normal levels only after the myocardial performance has improved. Prolonged oxygen therapy appears necessary for the maintenance of adequate oxygenation in those patients undergoing open heart surgery. 
ETUDE DE L'OXYGENATION DE PATIENTS CARDIAQUES SOUMIS

RESXJMEN
Fueron efectuados estudios en ocho pacientes sometidos a cirqi1ari6n extracorporea para corregir defectos valvulares. Mientras respiraban oxigeno al 100 por ciento, fueron determinadas la diferencia de tensi6n de origeno alveolar/arterial y la relacidn VD/VT antes de las operaciones y durante los tres primeros dias del pcriodo posoperatorio. En 26 ocasiones fue medida la diferencia en el contenido de oxfgeno arterial/venoso y utilizada para calailar el shunt intrapulmonar totaL La diferencia de oxigenari<5n alveolar/arterial estaba incrementada por cncima del valor normal en todos los pacientes antes de la operaci6n. Los valores posoperatorios fueron siempre mayores que los valores preoperatorios. En el segundo dfa fue encontrado un incremento medio significativo. En cada estadio fue hallado un incremento leve y no significative) en la relaci6n VD/VT. En general, los valores de la diferencia del contenido de oxigeno arterial/ venoso fueron mayores que el valor tedrico de 5 voL por ciento y es necesario medir esta diferencia para poder evaluar la verdadera magnitud del shunt intrapulmonar total a pesar de la ausenda de signos cluiicos de gasto cardiaco bajo. 
